A miniature Centrifugal Fast Analyzer has been modified for fluorescence and light-scatter measurements by using several rotors developed for this purpose. The modified system has been used to evaluate the feasibility of adapting specific protein analyses, such as lgG, IgA, 1gM,C'3 complement component, and a-1-antitrypsin, to the Centrifugal Fast Analyzer. A study of reaction conditions has revealed that the addition of polyethylene glycol 6000 (Carbowax) to the dilution medium increases the rate of reaction and allows apparent equilibrium to be achieved in less than 60 s. Furthermore, scatter intensity is enhanced. This system can be used to make rapid immunoglobulin measurements with only microliter volumes of antibody (2-7 il), without the need of sample blanks. Determination of antigen excess by a method that involves dynamic injection of antibody is also discussed.
serum immunoglobulins can be measured by several techniques:
(a) electroimmunodiffusion (1) , (b) quantitative single radial immunodiffusion (2, 3) , (c) radioimmunoassay (4) (5) (6) , and (d) light-scatter measurement of the soluble antigen-antibody complex (7) (8) (9) (10) (11) .
The determination of immunoglobulins by lightscatter measurement is reasonably specific and rapid and therefore offers certain advantages for the routine determination of specific proteins in serum.
Our interest in the development of optical systems for fluorescence measurements with Centrifugal Fast Analyzers (12, 13) , coupled with a similar interest in the adaptation of immunological procedures to these systems, has led us to investigate the potential usefulness of Centrifugal Fast Analyzers for determination of specific serum proteins by light-scatter mea- 
Materials and Methods

Reagents
Anti- (human) 1gM, IgA, a-l-antitrypsin, and C All dilutions of reference serum were made in NaC1 solution (9 g/liter). The specific protein concentrations in the A.I.P. serum were: IgA, 595 mg/dl; IgG, 2395 mg/dl; 1gM, 270 mg/dl; C'3 complement component, 375 mg/dl; and a-l-antitrypsin, 470 mg/dl. The reference serum was diluted 500-fold for IgG and 100-or 50-fold for 1gM, IgA, C'3 complement component, and a-1-antitrypsin.
These resulting stock standard solutions were further diluted in NaC1 (9 g/liter) to obtain the appropriate working standard concentra- tions. The final saline standard dilutions ranged in concentration from about 5 to 80 ig/ml. Serum samples were diluted 1000-fold in the NaCl solution for IgG determination and 100-fold for the others.
Antibody dilutions.
Antisera were serially diluted from 2-to 64-fold and reacted with appropriate antigen dilutions to determine the best antiserum titer for a given range of antigen concentrations.
The dilutions were made in the NaC1 solution or in this solution with added polyvinylpyrrolidone or polyethylene glycol. The effects of these polyelectrolytes on the antigen-antibody interaction determined by lightscatter measurement, as well as the optimum reaction conditions, are presented in the section on Results and Discussion.
Instrumentation
Light scatter
optics. The miniature Fast Analyzer (14) used in this development was modified for fluorescence and light-scatter measurements as shown in Figure 1 . A quartz fiber optical bundle was placed normal to the rotor for right-angle excitation. The fiber optical bundle was coupled to a tungsten-iodine lamp and a monochromator, which have been described previously (13, 15) . Excitation was set at 410 nm for the light-scatter measurements. A 1P28 photomultiplier tube and focusing lens were placed above the rotor as a matter of convenience and also to permit comparison with our previous fluorescence Centrifugal Analyzer (13) ; the internal photomultiplier tube of the Analyzer can be used with this arrangement.
A barrier filter, which transmits light from 390-480 nm, was positioned between the focusing lens and the photomultiplier tube, to isolate the primary scattered light.
Rotor design. Various designs of rotors for fluorescence and light-scatter measurement are displayed in Figure 2 . The original rotor had a black plastic body with ultraviolet-transmitting plastic windows, which were inset into the ends of each cuvet and normal to the clear ultraviolet-transmitting rotor window (see Figure 2 , Ia). The obvious expense of this approach made it desirable to consider a clear body (Lucite) rotor such as that shown in Figure 2 , Ib,c. With this arrangement, a black disk with machined cuvet holes is used to define the observed cuvet volume when the disk is placed on top of the rotor. The first Lucite rotor used the conventional sequential sample and reagent cavities (Figure 2 , Ila), but a modified version with parallel mixing cavities was soon developed to provide more effective mixing and to enable us to make light-scatter measurements about 6 s after acceleration of the rotor (Figure 2 , JIb).
Operation.
The optical configuration of the current Analyzer makes it possible to measure 90#{176} light scatter intensity of 17 separate parallel reactions. The cuvets in the rotor shown in Figure 2 , lIb hold a reaction volume of 120 to 150 l each. The general operational procedure is to load one parallel cavity with 75 il of antigen and the other with 75 zl of anti-LIG$4TSIP( body. Some six or seven reference standard dilutions are placed in parallel sample cavities 1 through 7, and samples are pipetted into sample cavities 8 through 17. Hand-actuated pipettes with disposable tips were used for this work. Aliquots of diluted antibody are pipetted into parallel reagent cavities 1 through 17. The rotor is placed on the Analyzer, and the black disk containing carefully machined cuvet holes is positioned on top of the rotor. The photomultiplier voltage is adjusted to the desired operating setting (n300 V), a cover is placed over the Analyzer, and the reactions are started by two cycles of acceleration of the rotor and subsequent braking; the right-angle light-scatter measurements are then made via an online computer interfaced through an analog-to-digital converter to the output of the amplifier of the photomultiplier. The intensity measurements of the 17 cuvets are made at 2-s intervals, with 15 to 20 readings per cuvet being taken per reading sequence on successive revolutions for data averaging purposes. The data are stored and then processed by using a lightscatter computer program written for this project. The computer program prints out stored digital averaged ADC counts, the maximum rate of reaction (I/t) in ADC counts/mm, and the equilibrium intensity change (I9oo equilibrium).
The latter value is the initial intensity of the reaction (Ia) subtracted from the final intensity of the reaction (If).
Results and Discussion
Optimization of Reaction Conditions
The initial reaction conditions were those typically used for quantitative light-scatter measurement of antigen-antibody interaction.
Human IgG reference sera, in the concentration range 274 to 2300 mg/dl, were diluted 1000-fold in NaC1 solution (9 g/liter). The optimum antibody titer was determined to be 1: 25 by serial dilution of anti-(human)
IgG in the saline. Aliquots of IgG standards (50 d) were pipetted in quadruplicate into the sample cavities of a 17-place black-body rotor, and 1O0-tl aliquots of antibody were pipetted into the respective reagent cavities. The reactions were started by accelerating the rotor. Figure 3 shows a time progression curve for light-scatter intensity versus time, for various IgG concentrations.
It is obvious from this Figure that the reactions have not reached equilibrium even after 10 mm. However, it is possible to determine the fixedtime change in intensity as a function of IgG concentration ( Figure 4 ) and to obtain a kinetic measurement of IgG concentration in the interval 0.5 to 2.5 mm. This is a considerable decrease in analysis time as compared with either the 3 h required for radioimmunoassay (3) or the 12 to 18 h required for immunodiffusion analysis.
Hellsing ( These data (Figures 6, 7 , and 8) also tend to verify that, as the concentration of polymer is increased, the change in light-scatter intensity is enhanced. We found that the reactions from run to run and the change in intensity as a function of antigen concentration at a given antibody concentration are more reproducible with PEG than with PVP. Therefore, we have chosen to use polyethylene glycol in our light-scatter studies. A final concentration of 20 g of PEG per liter of saline has been adopted for most of the analyses because PEG in a final concentration of 40 g/liter causes the reactions of higher antigen concentration to proceed so rapidly that the lag-phase portion is already complete before the 6-s initial intensity measurement can be made, which invalidates the initial reading.
Determination of Serum lgG, IgA, and 1gM
The maximum rate of change in 900 light-scatter scatter intensity of each was measured, with saline solutions being measured as a blank. None of the samples showed a large background light scatter signal at a serum dilution of 1000-fold, but at 100-and 200-fold dilutions of the sera the lipemic serum sample had a relative intensity of 3000 and 1800 analog-to-digital converter counts, respectively, while the background scatter of each of the other samples and the saline blanks was about 700 to 900 counts. The maximum intensity reading for our system is 4096 counts; therefore, neither the 100-nor the 200-fold diluted lipemic sample would have caused interference with specific protein analysis in the normal range, because one-fourth to one-half of full scale was available to monitor the light-scatter change of this sample in the presence of antibody. (1000-fold dilution of a serum with an IgG value of 1100 mg/dl) was 3.8% when equilibrium values were used and 6.4% when the maximum rate of intensity change was used. Run-to-run variation was determined by measuring the scatter intensity for the reaction of anti-(human)
IgA with eight different sera in three successive runs. A coefficient of variation of 5.5% of measured change of light-scatter intensity was obtained for the equilibrium values, and of 15.0% for rate measurements.
We achieved the best precision by use of equilibrium measurements.
We have spent little time in developing the optimized rate-data processing routines, and our current acceleration and braking procedures with this Analyzer are manual. Therefore, we can make few statements about the ultimate precision obtainable by use of rate techniques for quantitative measurement of lightscatter intensity change of antigen-antibody interactions. On the other hand, the results of our studies indicate that the use of PEG in the reaction mixture makes it possible routinely to obtain equilibrium (two-point) light-scatter measurements in less than 1 mm with good precision with our system. We chose a final reaction PEG concentration of 40 g per liter of saline (9 g of NaCL per liter), and the appropriate antibody titers were obtained. Figure  10 shows the equilibrium intensity changes for dilutions of C'3 complement and aj-antitrypsin in the final concentration range 5 to 80 sg/ml vs. antigen concentration.
Antigen Excess
The difficulty inherent in determining antigen excess is that an equilibrium intensity value can be rep- 
